Experiments are described further indicating that 02-resistant photosynthesis observed in a tobacco (Nicotiana tabacum) mutant with enhanced catalase activity is associated with decreased photorespiration under conditions of high photorespiration relative to net photosynthesis. The effects on net photosynthesis of (a) increasing O2 concentrations from 1% to 42% at low CO2 (250 microliters CO2 per liter), and (b) of increasing O2 concentrations from 21% to 42% at high CO2 (500 microliters CO2 per liter) were investigated in M6 progeny of mutant and wild-type leaf discs. The mutant displayed a progressive increase in net photosynthesis relative to wild type with increasing O2 and the faster rate at 42% 02 was completely reversed on retuming to 21% 02. The photosynthetic rate by the mutant was similar to wild type in 21% and 42% 02 at 500 microliters CO2 per liter, and a faster rate by the mutant was restored on returning to 250 microliters CO2 per liter. The results are consistent with a lowered release of photorespiratory CO2 by the mutant because greater catalase activity inhibits the chemical decarboxylation of a-keto acids by peroxisomal H202. Higher catalase activity was observed in the tip and middle regions of expanding leaves than in the basal area. On successive selfing of mutant plants with enhanced catalase activity, the percent of plants with this phenotype increased from 60% in M4 progeny to 85% in Ms progeny. An increase was also observed in the percent of plants with especially high catalase activity (averaging 1.54 times wild type) on successive selfings suggesting that homozygosity for enhanced catalase activity was being approached.
tive to net photosynthesis. The effects on net photosynthesis of (a) increasing O2 concentrations from 1% to 42% at low CO2 (250 microliters CO2 per liter), and (b) of increasing O2 concentrations from 21% to 42% at high CO2 (500 microliters CO2 per liter) were investigated in M6 progeny of mutant and wild-type leaf discs. The mutant displayed a progressive increase in net photosynthesis relative to wild type with increasing O2 and the faster rate at 42% 02 was completely reversed on retuming to 21% 02. The photosynthetic rate by the mutant was similar to wild type in 21%
and 42% 02 at 500 microliters CO2 per liter, and a faster rate by the mutant was restored on returning to 250 microliters CO2 per liter. The results are consistent with a lowered release of photorespiratory CO2 by the mutant because greater catalase activity inhibits the chemical decarboxylation of a-keto acids by peroxisomal H202. Higher catalase activity was observed in the tip and middle regions of expanding leaves than in the basal area. On successive selfing of mutant plants with enhanced catalase activity, the percent of plants with this phenotype increased from 60% in M4 progeny to 85% in Ms progeny. An increase was also observed in the percent of plants with especially high catalase activity (averaging 1.54 times wild type) on successive selfings suggesting that homozygosity for enhanced catalase activity was being approached.
The suggestion that the photorespiratory pathway is capable of "leaking" additional CO2 under conditions of high photorespiration relative to net photosynthesis, as occurs at high 02 and high temperature, came from observations on the ease with which H202 decarboxylates keto-acids of the pathway such as hydroxypyruvate and glyoxylate (10) . This could lead to carbon ratio stoichiometries of CO2 release, C02/glycolate, in excess of the 25% that would result if the CO2 were produced only from the conversion of 2 glycines to form seine and CO2 in the pathway (1-3). The possibility was thus raised that increasing catalase activity might decrease the concentration of peroxisomal H202 generated by the glycolate oxidase reaction and thereby decrease the peroxidation of keto acids and increase net photosynthesis.
I have previously (8) described the selection of a tobacco mutant that exhibited 02-resistant photosynthesis in intact seedlings as well as in leaf discs (Tables III, IV , and V in ref. 8 . Evidence was presented that the mutant has a higher net photosynthetic rate in normal air and a lower rate of photorespiration than wild type especially at lower CO2 levels and higher 02 concentrations or higher temperatures (8, 9) . The resistance trait cosegregated precisely with enhanced catalase activity in M4 progeny of the mutant in which about 60% of the siblings showed enhanced catalase activity (9) , while other peroxisomal activities such as glycolate oxidase (8) and hydroxypyruvate reductase (9) were the same as wild type.
The ratio of photorespiration/net photosynthesis in C3 plants is regulated reversibly by three factors: the concentration of C02, amount of 02, and temperature. The greater net CO2 assimilation by the mutant relative to the wild type at 38°C versus 30°C (8) was consistent with the hypothesis that the mutant has a decreased photorespiration. The progressive increase in the net photosynthesis ratio of mutant/wild type of 10% or more on increasing the 02 level from 1% to 21% to 42% in intact seedlings and leaf discs (8) was used to define 02-resistant photosynthesis and is also consistent with a decreased photorespiration in the mutant.
Net photosynthesis by the mutant and wild type has now been investigated to determine whether any aberrations occur during the stepwise increase in 02 levels. Experiments have also been conducted to test whether 02-resistance by the mutant is abolished by high CO2 in a reversible manner, as would be expected if02-resistance is associated with decreased photorespiration. Observations on the catalase activity in different locations of the lamina during development are described. The frequency of enhanced-catalase progeny (>1 to 2 SDs above the mean of wild type) in successive selfings in the M4, M5, and M6 generations has been determined as well as the proportion with unusually high catalase activity (>3 SDS above the mean of wild type), and it was found that the percent of both categories increased with each selfing suggesting the population is becoming more nearly homozygous for this phenotype.
MATERIALS AND METHODS
Tobacco (Nicotiana tabacum, L. cv Havana Seed) was grown in the greenhouse as previously described (8, 9) . Plants from an environmentally controlled chamber were used in one experiment ( Wild-type plants were randomly selected from populations of the same tobacco line from which the mutants were selected. Steady-state photosynthesis was established by taking at least five measurements of CO2 exchange in an open system which was flushed with a water-saturated gas of fixed composition (9) . Each sample consisted of 18 1.6-cm diameter leaf discs floated upside down on a thin layer of water in a Petri plate at 30°C at an irradiance of 500 to 700,umol photons m2 s'.
Catalase activity was determined by extracting one leaf disc (2.01 cm2) with 0.75 ml of buffer in a microcentrifuge tube (9) , and was assayed at 30°C based on the rate of decrease of A of H202 at 240 nm (4) . One unit is the activity catalyzing the decomposition of 1 ,umol of H202 per min. Protein was determined by a dye-binding assay with BSA as a standard.
RESULTS
The relative 02-resistant photosynthesis of mutants, associated with high catalase activity, occurs at lower concentrations of CO2 as was previously demonstrated by comparing CO2 assimilation in 1%, 21%, and 42% 02 (8, 9) . The effect of 02 concentration at a constant 250 ,L CO2 L' was examined in greater detail including determinations made at 5% and 10% 02 ( Fig. 1) , and a steady progressive increase was found in the photosynthetic rate by the high catalase mutant to that by the wild type with increasing 02 concentra- ,uL CO2 L' and 340 uL CO2 L', while no differences compared to wild type were found at 540 uL CO2 L' or higher levels (8) . Table I Leaf discs (1.6 cm) were cut in each experiment from different plants in the greenhouse at different stages during plant development, and catalase specific activity (CAT) was determined in leaf disc extracts. Similar leaf positions on the stalk were sampled in wild-type (WT) and high CAT plants. Growth in the greenhouse was approximately 8 weeks postgermination in Experiment 1, 9 weeks in Experiment 2, 10 weeks in experiment 3, and 13 weeks in experiment 4 (flower buds already formed). Experiment 5 was carried out with a wild-type plant growing in an environmentally controlled chamber (see "Methods and Materials"). (Table II) . The catalase activity on a leaf area basis (or protein basis, experiment 3) was always greater in the tip and middle areas than in the base in wild type and mutant leaves, frequently being twice as high in the tip as in the base. The protein content of extracts from different locations of the leaf was similar and was also about the same in mutant and wild-type leaves. The catalase activity ratio, mutant/wild type, was also higher in the tip and middle than in the basal portion of the lamina. Since it was possible that the greater catalase activity in the region of the leaf tip was caused by a greater irradiance, experiments were conducted on leaves that were exposed to uniform irradiance from base to tip in a growth chamber (Table II , experiment 5), and higher activity was still found in the tip region. Although seasonal and environmental effects in the greenhouse caused the specific activity of catalase near the tip of mutant leaves to vary over 2.5-fold in different experiments in Table II , mutant leaves consistently showed enhanced catalase activity compared with wild-type leaves sampled at the same time.
On successive selfings of plants with 02-resistant photosynthesis 60% of the M4 progeny showed enhanced catalase activity (>1 SD above the mean of wild type; catalase activity ratio, mutant/wild type, about 1.40) that cosegregated with 02-resistant photosynthesis (9) . On further selfings of plants selected for high catalase activity, the M5 and M6 progeny continued to show an increase in the proportion of siblings with high catalase activity in each succeeding generation (Fig.  2) . In the M5 generation 77% had enhanced catalase activity, and in the M6 progeny this increased to 85%. Equally striking was the increase in the percent of the progeny with catalase activity more than 3 SDS (greater than 99.7% of a population) (9) with a catalase activity ratio, mutant/ wild type, of about 1.4 was self-pollinated to obtain the M5 progeny, and the M6 progeny were similarly obtained by selfing a high catalase M5 plant. Catalase activity was assayed on extracts of leaf discs taken from leaves in the greenhouse and mutant and wild-type leaves were sampled at the same time to determine whether the mutants showed the same activity as wild type, were more than 1 (Fig. 2) . Simultaneously the percent of plants with exceptionally high catalase activity increased from 12% to 23% to 31% in the M4, M5, and M6 progeny, respectively. The latter plants averaged 54% greater catalase activity than wild-type compared with 40% greater previously reported in earlier generations (8, 9) . Such results are consistent with a genetic model in which the original Ml plant was heterozygous for the enhanced catalase gene(s), and that pairing and recombination between homologous chromosomes of the two genomes in N. tabacum has taken place during selfing (7) . Continued selection and selfing of plants with enhanced catalase appear to be advancing the population toward homozygosity for the mutant gene(s).
There are several catalase isozymes in tobacco leaves, each with distinct catalytic and immunological properties (4, 5 
